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The Proneural Gene amos Promotes
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cells is transduced to neighboring cells to prevent them
from adopting the same fate by repressing proneural
gene expression. This process, known as lateral inhibi-
tion, is transduced by the gene products of Notch and
Delta (for reviews, see Artavanis-Tsakonas et al., 1995;
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Proneural genes achaete (ac) and scute (sc) of theInstitute of Molecular Biology
achaete-scute complex (ASC) are required for the forma-Academia Sinica
tion of ES organs (for reviews, see Dambly-ChaudiereTaipei 115
and Ghysen, 1987; Campuzano and Modolell, 1992),Taiwan
whereas atonal (ato) directs the formation of CH organs
(Jarman et al., 1993b, 1995). MD neurons are generated
in two ways (Brewster and Bodmer, 1995). Most MDSummary
neurons are derived from ES or CH organ lineages. For
example, in some ES organ lineages, the division of aIn the Drosophila peripheral nervous system, pro-
secondary precursor cell generates a sheath cell and aneural genes direct the formation of different types of
tertiary precursor cell. The tertiary precursor cell thensensory organs. Here, we show that amos is a novel
divides to give rise to two neurons, one ES and oneproneural gene that promotes multiple dendritic (MD)
MD neuron. In Notch mutants, excess MD neurons areneuron formation. amos encodes a basic-helix-loop-
generated at the expense of ES neurons, suggestinghelix (bHLH) protein of the Atonal family. During em-
that the asymmetric division of the tertiary precursorbryonic development, amos is expressed in patches
cell requires Notch activity (Vervoort et al., 1997). Theof ectodermal cells, and the expression is quickly re-
remaining MD neurons, known as solo-MD neurons, arestricted to sensory organ precursors. Loss of amos
generated directly from SOP cells, independent of ESfunction eliminates MD neurons that remain in
and CH lineages (Brewster and Bodmer, 1995). In theASC;atonal mutants. Misexpression of amos gener-
case of some solo-MD neurons in the ventral (vmd) andates ectopic MD and other types of neurons. Amos
dorsal (dmd) groups (a schematic representation of theinteracts with the ubiquitously expressed Daughter-
PNS neurons is shown in Figure 3), the originating SOPless protein in vivo and in vitro. Our final misexpression
cells divide a few times to generate daughter cells des-experiments suggest that a domain located outside
tined exclusively to become MD neurons. A particularthe DNA-binding domain of Amos determines the MD
solo-MD neuron, the dorsal bipolar (dbp) neuron, is gen-neuronal specificity.
erated from an asymmetric division of a dorsal SOP cell,
which gives rise to a dbp neuron and an associated glia
cell (Brewster and Bodmer, 1995).Introduction
In ASC mutants, the ES organs and ES organ-depen-
dent MD neurons are eliminated (Bodmer and Jan, 1987;The Drosophila melanogaster embryonic peripheral ner-
Dambly-Chaudiere and Ghysen, 1987). In ato mutants,vous system (PNS) consists of three major types of sen-
CH organs and associated MD neurons are missing (Jar-sory organs: external sensory (ES) organs, chordotonal
man et al., 1993b, 1995). In mutants lacking both ASC(CH) organs, and multiple dendritic (MD) neurons (for
and ato, two to three neurons of the solo-MD type remain
reviews, see Jan and Jan, 1993, 1994). Despite having
in the dorsal region of each abdominal hemisegment
distinct neuronal activities and sensory structures, the
(Jarman et al., 1993b; Figure 3G). These remaining neu-
mechanisms of early cell fate specification for these rons may be controlled by other unidentified proneural
three types of sensory organs are quite similar (Campu- genes.
zano and Modolell, 1992; Ghysen and Dambly-Chau- Proneural genes encode the basic-helix-loop-helix
diere, 1993; Ghysen et al., 1993). The program to develop (bHLH) type of transcription factors (Villares and Ca-
sensory organs is initiated by the activities of proneural brera, 1987; Alonso and Cabrera, 1988; Gonzalez et al.,
genes. The transcription activation of proneural genes 1989; Jarman et al., 1993b). The gene products of ASC
is limited to small patches of ectodermal cells, which are are highly conserved in the bHLH domains (75%-90%
called proneural clusters. The expression of proneural identity). The bHLH domain of Atonal (Ato) is much less
genes confers on each cell within the proneural cluster conserved with members of ASC (45% identity), sug-
the potential to become a sensory organ precursor gesting that ato represents a new class of bHLH genes.
(SOP) cell. However, only one or a few cells within a When misexpressed, proneural genes of ASC generate
cluster are selected to become SOP cells that maintain exclusively ES organs, such as mechanosensory bris-
the proneural gene expression by a mechanism involv- tles, in ectopic areas (Rodriguez et al., 1990; Brand et
ing autoactivation (Culi and Modolell, 1998). In addition, al., 1993; Hinz et al., 1994). However, misexpression of
an inhibitory signal emanating from the selected SOP ato promotes CH, as well as ES, organs (Jarman et
al., 1993b; Chien et al., 1996). While both classes of
proneural genes are capable of promoting ES organ* To whom correspondence should be addressed (e-mail: ctchien@
ccvax.sinica.edu.tw). formation, the specificity of CH neuron resides in the
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Figure 1. The Amos Peptide Sequence and
Its Similarities to Other bHLH Proteins
(A) The predicted Amos peptide sequence.
The DNA sequence can be obtained in the
BDGP (Berkeley Drosophila Genome Project)
database, accession number AC007137. The
bHLH domain is underlined.
(B) Similarities between the bHLH domain of
Amos and those of other proteins. Amos is
compared to the bHLH proteins of the Ato
family from various species (Ben-Arie et al.,
1996) and the known proneural gene prod-
ucts from Drosophila. The identical residues
to Amos are abbreviated as dashes. The per-
cent of identities to Amos in the basic, helix 1,
and helix 2, but not the variable loop domains,
are listed.
basic domain, which is the DNA-binding domain, of Ato Results
(Chien et al., 1996).
In vitro, proneural gene products form heterodimers amos Encodes a bHLH Protein of the Ato Family
In a yeast two-hybrid screen (Bartel et al., 1993a) usedwith the bHLH protein Daughterless (Da) (Caudy et al.,
1988b), and the complexes bind to the E box sequence, to identify proteins that interact with Numb, we isolated
12 independent clones including the amos cDNA. In aCANNTG, found in the promoter regions of many down-
stream target genes (Cabrera and Alonso, 1991; Jarman control assay, Amos failed to show a positive signal
with a nonrelated protein, Lamin (Bartel et al., 1993b),et al., 1993a; Singson et al., 1994). The Da protein is
ubiquitously expressed throughout development (Chron- suggesting that the interaction between Amos and
Numb is specific. This interaction was also observed inmiller and Cummings, 1993; Vaessin et al., 1994). In
da mutant embryos, the formation of all three types of an in vitro, GST pull-down assay (data not shown). The
function of this interaction between Numb and Amos insensory organs is defective (Caudy et al., 1988a), which
is consistent with the requirement of the heterodimers respect to sensory organ development awaits further
study.of Da and proneural gene products for sensory organ
development. Since the solo-MD neurons that exist in The isolated amos cDNA sequence includes a 0.6 kb
open reading frame encoding a predicted protein of 198the ASC;ato double mutants are eliminated in da mu-
tants (Caudy et al., 1988a), this observation implies that amino acids (Figure 1A), with a bHLH domain at the
extreme carboxyl terminus. The Amos protein is highlythe proneural gene for those solo-MD neurons also en-
codes a transcription factor of the bHLH family. homologous to the Ato family (Ben-Arie et al., 1996),
sharing 67%-89% identity in their bHLH domains (FigureWe identified a novel bHLH protein encoded by absent
solo-MD neurons and olfactory sensilla (amos). To dem- 1B). Amos is most similar to the Ato homolog, Tath1
of Tribolium (89% identity), suggesting that Amos andonstrate that amos is a proneural gene during Drosophila
PNS development, we have done the following experi- Tath1 may represent a new subtype of the Ato protein
family. When Amos is compared to two other Drosophilaments. By in situ hybridization of whole mount embryos,
we found that amos was expressed in proneural clusters proneural gene products, Achaete (Ac) and Scute (Sc),
the conservation in the bHLH domains is much lower,and this expression was later restricted to SOP cells.
We used the technique of double-stranded RNA interfer- with only 44% identity (Figure 1B).
ence (RNAi) (Kennerdell and Carthew, 1998; Misquitta
and Paterson, 1999) to eliminate amos's function in em-
bryos. These results suggested that amos was required The Expression of amos during
Embryonic Developmentfor the formation of dbp and some dmd neurons, the
remaining neurons in ASC;ato double mutants. When amos expression during embryonic development was
analyzed by in situ hybridization. Before cellularization,misexpressed, amos induced the formation of all types
of sensory neurons. We also performed experiments to maternally contributed amos transcripts were ubiqui-
tously present (data not shown). The possible functiondemonstrate in vitro and in vivo interaction between
Amos and Da proteins, to support that amos functioned of amos during these early stages is not clear. During
gastrulation, from stage 9 to early stage 12, amos mRNAas a proneural gene. In addition, the abilities of three
proneural genes in formation of ES, CH, and MD neurons was expressed in a spatiotemporally regulated pattern.
The earliest zygotic signal was detected in the proce-were compared, and these results suggested that intrin-
sic differences among the proneural genes played a role phalic region and gradually in the segments of head,
thorax, and abdomen (Figure 2A). The signal appearedin the induction of different types of sensory neurons.
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Figure 2. amos mRNA Expression in Drosophila Embryos
Embryos were hybridized with an RNA probe of amos (A±C) or with both probes of amos and ase (D±F). Square figures on the right are
magnifications of segments from (D) through (F), and the segmental identity is labeled at the top of each square.
(A) amos expression appears in the thoracic and abdominal segments and other regions as clusters of cells at early stage 11.
(B) Each cluster in one abdominal segment is restricted to a smaller ventral cluster at mid-stage 11.
(C) The ventral cluster is restricted to a SOP cell at late stage 11.
(D) At early stage 11, the initial amos cluster is located dorsal to the A and P cells, indicated by arrows. The expression of amos is in blue
and ase in red.
(E) At mid-stage 11, the cluster of amos expression (in red) is located at the anterior and lateral position of a segment. ase's expression (in
blue) marks many SOP cells.
(F) The SOP cell that expresses amos (in blue) is within a group of SOP cells (lp/h/da, in red) (Campos-Ortega and Hartenstein, 1997).
in clusters of cells in these regions. There was one clus- and P cells and develops into the dorsal bipolar (dbp)
ter in every thoracic and abdominal hemisegment, three neuron (Campos-Ortega and Hartenstein, 1997). Coinci-
clusters in the maxillary and the labial hemisegment, dentally, the amos cluster was dorsal to the A and P
and three clusters in the procephalic region, containing cells (Figure 2D). At mid-stage 11, the amos expression
the antenno-maxillary complex (Figure 2). Since the sen- was restricted to a ventral cluster located in the position
sory neurons in abdominal segments are well studied, where a group of SOP cells (lp/h/da) subsequently
we focused our analyses on this region. In each abdomi- formed (Figure 2E). Soon after, this ventral cluster was
nal hemisegment, from A1 to A7, the amos transcript quickly restricted to an SOP cell (Figure 2F) that is likely
was present in a cluster that contained about 10±12 destined to develop into one or more of the six dmd
cells at early stage 11 (Figure 2A). Slightly later, the (dmd6) neurons (Campos-Ortega and Hartenstein, 1997).
number of cells that express amos was reduced; the This dynamic expression pattern suggests that amos
dorsal portion of each cluster diminished with occasion- is a proneural gene and is possibly required for the
ally one or two cells that maintained expression, while specification of dbp and some dmd neurons.
the ventral portion of the cluster continued amos expres-
sion (Figure 2B). At late stage 11, the ventral cluster was
amos Is Required for the Formation of the dbprestricted to one cell in each abdominal hemisegment
and dmd Neurons(Figure 2C).
To investigate whether amos is required for dbp neuronThe coexpression of amos and asense (ase), an SOP-
formation, we used the double-stranded RNAi techniquespecific gene (Brand et al., 1993), was examined. At
(Kennerdell and Carthew, 1998; Misquitta and Paterson,early stage 11, ase was expressed in four cells in each
1999). The dbp neuron can be unambiguously recog-abdominal hemisegment (Figure 2D), including the A
nized by its specific location and characteristic neuronaland P cells. The A and P cells are the first two SOP cells
processes by stage 15 (Figures 3A and 3D). After injec-that appear in each hemisegment and subsequently de-
tion of amos dsRNA into wild-type embryos, the forma-velop into dh1 (a dorsal ES neuron) and lch5p (a lateral
tion of dbp neurons was affected (Figure 3B; Table 1),CH neuron), respectively (Campos-Ortega and Harten-
stein, 1997). The next SOP cell appears dorsal to the A while injection of buffer had no effect (Figure 3A). Closer
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Figure 3. Neuronal Defects in Embryos Lacking amos
(A±G) Embryos at stage 15 were stained with MAb 22C10 to reveal the phenotypes of sensory neurons. The arrows mark the dbp neurons,
the parentheses mark the lch5 neurons, and the arrowheads in (D), (F), and (G) mark the dmd neurons. The open arrows in (B) and (E) mark
the position of missing dbp neurons, and the open triangle in (E) marks the position of missing dmd neurons.
(A±C) Wild-type embryos injected with buffer (A), amos dsRNA (B), or ato dsRNA (C).
(D±F) scB57 embryos injected with buffer (D), amos dsRNA (E), or ato dsRNA (F).
(G) A scB57;ato1 embryo.
(H and I) Elav-positive cells in a wild-type (H) or a Df(2L)TW203/Df(2L)M36F (I) embryo. The dorsal cluster neurons are marked with parentheses.
(Right) Schematic representation of the sensory neurons in one abdominal segment of a wild-type (top) or a scB57;ato1 mutant embryo (bottom).
Shown are ES neurons (circles), CH neurons (ovals), and MD neurons (other shapes). Missing neurons are in open symbols (bottom).
to the injection site (25% to 50% of the embryo-length similarity (70% identity). Thus, we injected ato dsRNA
as a control. In embryos injected with ato dsRNA, CHat the ventral side), the lack of dbp neurons affected by
amos dsRNA was more prominent. In the bHLH domains neurons in the lch5 clusters were eliminated, while dbp
neurons remained unaffected (Figure 3C; Table 1). Inof amos and ato, there is a high level of DNA sequence
Table 1. Neuronal Defects in w2 or scB57 Embryos Injected with dsRNA
Number of Neurons/Hemisegment
Number of Embryos
Strain dsRNA Injecteda dbp lch5 dmd6 and Hemisegments
w2 buffer 1 6 0 5 6 0 nd 8/112
w2 amos 0.5 6 0.5 5 6 0b nd 26/275
w2 ato 1 6 0c 3.1 6 1.7d nd 24/301
scB57 buffer 1 6 0 4.4 6 0.6 1.3 6 0.4 8/94
scB57 amos 0.8 6 0.4 4.3 6 0.6e 0.3 6 0.6 22/266
scB57 ato 1 6 0 1.6 6 1.6 1.3 6 0.5 18/245
a The injection was repeated at least twice for each sample.
b One extra CH neuron appeared in three hemisegments, and lch5 neurons were mislocalized in five hemisegments.
c dbp neurons were missing in four hemisegments.
d lch5 neurons were mislocalized in four hemisegments.
e lch5 neurons were mislocalized in 11 hemisegments.
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Figure 4. Misexpression of amos Induces
Sensory Neurons
(A±C) UAS-amos/1;hairy-GAL4/1 embryos
show increased sensory neurons in segments
that misexpress amos (left segments in [A±C]),
compared to the right segments that do not
misexpress amos. The number of neurons is
indicated below each segment.
(A) MD neurons of the vmd5 group, enclosed
by dashed rectangles, are labeled with
MAb22C10 (red) and anti-Elav antibody
(green).
(B) CH neurons of the lch5 group are stained
with MAb 22C10. The yellow dots mark the
dendrites of CH neurons.
(C) Elav-positive neurons in the dorsal group.
(D) LacZ-positive MD neurons in an E7-2-36
embryo.
(E) Increase of LacZ-positive MD neurons in
an E7-2-36 sca-GAL4/UAS-amos embryo.
(F) Ventral view of a sca-GAL4/UAS-amos
embryo stained with anti-Ppk antibody. The
dashed boxes mark the duplicated vmd
neurons.
(G) amos replaces ato in CH neuron formation
in the lch5 groups of an UAS-amos/1;hairy-
GAL4ato1/ato1 embryo. Arrows indicate the
rescued segments.
(H) Numerous ectopic sensory bristles in the
wing blade, or (I) an ectopic CH scolopale
(within the dashed rectangle) at the wing base
induced in hs-GAL4/UAS-amos flies.
contrast, injection of amos dsRNA had no affect in CH 0.7 (averaged from 61 hemisegments) Elav-positive cells
(Figure 3H) were scored. In the TW203/M36F-S6 trans-neuron formation (Figure 3B; Table 1). Therefore, amos
and ato dsRNAs interfere with the formation of distinct heterozygous embryos, the number was reduced to
9.6 6 1.1 (averaged from 184 hemisegments) (Figure 3I).types of sensory neurons.
In addition to the dbp neuron, one or two dmd neurons These analyses suggest that two to three Elav-positive
neurons of the dorsal group are controlled by a chromo-remain in each hemisegment in ASC;ato mutants (Figure
3D; Table 1). To examine if these dmd neurons are also somal region that includes the amos locus. When
stained with MAb 22C10, which reveals the neuronalcontrolled by amos, we used scB57 mutant embryos for
injection. The scB57 allele removes ASC (Lindsley and morphology, the homozygous or transheterozygous em-
bryos showed disorganization of the PNS and thereforeZimm, 1992), and the mutant embryos lack ES and ES-
dependent MD neurons. These neurons are also unaf- prevented us from observing the phenotypes. However,
no dbp neurons were present, as judged from their spe-fected in ato mutants (Jarman et al., 1993b). In the scB57
embryos injected with amos dsRNA, these remaining cific location and morphology (data not shown).
dbp and dmd neurons were eliminated (Figure 3E; Table
1), but not in control embryos injected with buffer (Figure Ectopic Sensory Neurons Are Generated
by Misexpression of amos3D) or with ato dsRNA that affected only CH neurons
(Figure 3F). The frequency of dmd neurons that were To examine the ability of amos to induce sensory neuron
formation, we generated UAS-amos transgenic flies.missing was higher than that of dbp neurons. This differ-
ence was likely due to the differential sensitivities of The UAS-amos flies were crossed to flies carrying a
hairy-GAL4 transgene (Brand and Perrimon, 1993), whichthese two types of neurons to amos dsRNA interference.
In summary, amos was required for the formation of dbp drives target gene expression in odd parasegments of
embryos. Embryos of the genotype hairy-GAL4;UAS-neurons and some dmd neurons that belong to the type
of solo-MD neurons. amos showed additional neurons, as recognized by
anti-Elav antibody and MAb 22C10. In the ventral-mostamos was mapped to a chromosomal location near
the boundary of 36E and 36F of the second chromo- region, five isolated MD neurons (vmd5) were unambigu-
ously recognized in the segment that did not misexpresssome. Several deficiency strains with a chromosomal
deletion near this region were examined for amos mRNA amos (Figure 4A, right). In the segment that misex-
pressed amos, six or more MD neurons were frequentlyexpression. The deficiencies TW203 and M36F-S6,
when homozygous, failed to express amos during stage observed (Figure 4A, left). Furthermore, ectopic CH neu-
rons in the lateral region (Figure 4B) and ectopic neurons9±11. When stained with anti-Elav antibody, which stains
the neuronal nuclei, the dorsal group of neurons were in the dorsal group (Figure 4C) were also induced. How-
ever, the dorsal cluster normally consists of both ESwell isolated from other neurons in the same segment
and could be easily scored in the deficiency embryos and MD neurons, thus making it difficult to differentiate
between these two types of neurons.(Figures 3H and 3I). In the wild-type embryos, 12.1 6
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Figure 5. Interaction between amos and da
(A) Amos and Da form heterodimers when
bound to E1 (lane 1±6) and E4 (lane 8±13).
Lane 7, free E4 probe. Lanes 1 and 8, GST-
Da. Lanes 2 and 9, Amos. Lanes 3 and 10,
GST-Da 1 Amos. Lanes 4 and 11, GST-Da 1
Amos 1 anti-GST antibody. Lanes 5 and 12,
GST-Da 1 Amos 1 1003 cold probe. Lane 6
and 13, GST-Da 1 GST-Sc.
(B±H) Genetic interaction between amos and
da. Shown are embryos stained with anti-Elav
antibody (B±F) or MAb22C10 (G and H). Geno-
type of each embryo is indicated on top of
the figure.
To specifically recognize MD neurons, we used an 1993b). As shown in Figure 5A, E1 and E4 boxes were
well bound by Amos/Da (lanes 3 and 10). In contrast,enhancer trap line E7±2±36 (Brewster and Bodmer, 1995)
that expresses lacZ in all MD neurons (Figure 4D). Flies this shifted complex including Amos and Da was unde-
tectable with either Amos (lanes 2 and 9) or Da alonecarrying sca-GAL4, which drives gene expression in all
the proneural clusters, were mated to UAS-amos flies. (lanes 1 and 8). We did not observe the weak binding
of Da homodimer to the E boxes as previously reportedEmbryos of the genotype E7-2-36 sca-GAL4/UAS-amos
showed ectopic MD neurons throughout the segments (Cabrera and Alonso, 1991; Jarman et al., 1993b). The
Amos/Da complex was supershifted by addition of anti-(Figure 4E). The MD neurons in the v9 and v groups were
frequently misplaced at a more ventral position (data GST antibody, which recognizes the GST-Da protein
(lanes 4 and 11) used in this assay. This binding of thenot shown). When the number of MD neurons in the
region (vmd5 1 vpda) was scored, a significant increase Amos/Da complex to E boxes was efficiently completed
by addition of excess E1 and E4 cold probes (lanes 5was observed (Table 3).
The anti-Pickpocket (Ppk) antibody (Adams et al., and 12) but not by two corresponding mutant E boxes
(data not shown). These data suggest that Amos and1998) labels three of the 21 MD neurons (one of dmd6,
v9ada, and one of vmd5) in each abdominal hemiseg- Da form a heterodimer when bound to E boxes and that
the binding activities are sequence specific.ment. In sca-GAL4;UAS-amos embryos, ectopic MD
neurons appeared near the original Ppk-positive cells To further analyze the interaction between amos and
da in vivo, the effects of amos misexpression were ex-(Figure 4F; data not shown). The ppk gene encodes an
ion channel subunit that is expressed in late embryonic amined in different da genetic backgrounds. The num-
ber of neurons were counted in sca-GAL4/UAS-amosand larval stages and may play a role in sensory function
(Adams et al., 1998), suggesting that ectopic MD neu- embryos carrying different da gene dosages. When a
moderate level of amos was induced in wild-type em-rons promoted by amos are likely functional.
bryos with two copies of da1, some ectopic Elav-posi-
tive cells were observed (Figure 5C; Table 2). The ectopicAmos Interacts with Da Both In Vitro and In Vivo
We examined the ability of the Amos and Da proteins neurons were suppressed in embryos carrying only one
copy of da1 (Figure 5D; Table 2). When amos and dato form complexes in the presence of E boxes. Since
the DNA-binding domain of Amos is almost identical to were simultaneously misexpressed, numerous Elav-
positive cells were induced (Figure 5F). The strong neu-that of Ato (Figure 1B), we tested two E box±containing
oligonucleotides, E1 and E4, which represent high-affin- ralization by amos and da was also revealed by staining
of MAb 22C10 that labels the neuronal morphology (Fig-ity binding sites for the Da/Ato protein complex (Jarman
et al., 1993a, 1993b). The Sc/Da complex was used as ure 5H). These ectopic neurons include MD neurons that
express lacZ from E7-2-36 insertion (data not shown).a positive control since this complex also binds to these
two E boxes (Figure 5A, lanes 6 and 13; Jarman et al., As a control, misexpression of da caused only a minor
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restored CH neuron formation in odd, but not even,Table 2. The Number of Neurons Induced by amos Is Dependent
on Gene Dosage of da segments (Figure 4G). The extent of CH neurons rescued
by amos (4.6 6 1.0 in A1 segment and 5.4 6 1.0 in A3Number of
segment) was comparable to that rescued by ato (4.1 6Genotype Neuronsa/Hemisegment
0.6 in A1 segment and 5.0 6 0.2 in A3 segment) in a
1/1 42.5 6 0.6
previous report (Chien et al., 1996), suggesting thatsca-GAL4/1; UAS-amos5/1 50.3 6 3.2
amos can replace ato functionally.sca-GAL4 dakx136/1; UAS-amos5/1 43.9 6 1.9
Ectopic ES bristles in wing blades can be induced bysca-GAL4/1; UAS-da/1 41.7 6 2.0
sca-GAL4/1; UAS-amos5 UAS-da/1 ndb misexpression of proneural genes right after puparium
formation (Rodriguez et al., 1990; Brand et al., 1993;a The neurons were scored as Elav-positive cells. For each sample,
Jarman et al., 1993b; Chien et al., 1996). To drive gene24 hemisegments from eight different embryos were scored.
b The number was not counted due to the presence of too many expression during this period, flies carrying hs-GAL4
neurons (Figures 5F and 5H). and UAS-ato or UAS-amos transgenes were heat
treated for 10 min. The hs-GAL4/UAS-sc flies were heat
treated for 5 min to avoid lethality (see the Experimental
effect on the number of neurons in this assay (Figure Procedures). The ectopic bristles were generated most
5E; Table 2). These results suggested that the ectopic efficiently in the flies misexpressing sc, although they
neuron formation elicited by amos is very sensitive to were heat treated for only half of the time period. The
the gene dosage of da. ectopic bristle number induced by amos (Figure 4H) was
higher than the number induced by ato (Table 3).
Differential Abilities of Three Types of Proneural In summary, all three proneural genes are capable of
Genes in Induction of Sensory Neurons promoting sensory bristle formation, with sc being the
To determine whether different types of proneural genes strongest. ato and amos, but not sc, can induce CH
confer SOP cells with distinct neuronal specificities, we neuron formation. Finally, only amos strongly induces
tested the abilities of three proneural genes, sc, ato, MD neuron formation. These data suggested that
and amos, to induce the formation of ES, CH, and MD proneural genes of different types confer SOP cells with
neurons. For MD neuron formation, we compared the differential potentials to develop into various types of
lacZ expression in E7-2-36 embryos carrying proneural sensory neurons.
genes misexpressed by sca-GAL4. As shown in Figure
4E, misexpression of amos led to a significant increase
of MD neurons through the whole segment. In the ventral Discussion
region that we scored, the number of MD neurons (vmd5 1
vpda) was increased significantly (Table 3). Misexpres- amos Is a Proneural Gene for a Subset
of solo-MD Neuronssion of sc or ato slightly induced the formation of MD
neurons (Table 3), but not as significantly as misexpres- During embryonic PNS development, amos is initially
expressed in clusters of ectodermal cells and is subse-sion of amos.
To compare the induction abilities of these three quently restricted to isolated SOP cells. This dynamic
expression pattern is analogous to the patterns of otherproneural genes in CH neuron formation, embryos were
stained with MAb22C10, and the lateral CH neurons proneural genes in Drosophila. ac and sc are expressed
in clusters of cells in wing imaginal discs. The initialwere scored (Figure 4B). In embryos with ato or amos
misexpressed by sca-GAL4, a slight increase in the num- cluster expression is quickly restricted to single SOP
cells that develop into the adult sensory bristles (Romaniber of CH neurons in the lateral region was observed
(Table 3). Few ectopic CH neurons were induced in em- et al., 1989; Cubas et al., 1991; Skeath and Carroll, 1991).
Similarly, ato's expression pattern delineates the SOPbryos that misexpressed sc. We further tested if amos
could rescue ato mutants in CH organ formation. In ato1 formation for CH organs (Jarman et al., 1993b).
Because of the lack of amos-specific mutants, wemutants, misexpression of amos driven by hairy-GAL4
Table 3. Three Types of Sensory Neurons Induced by Proneural Genes
Activator
sca-GAL4 sca-GAL4 hs-GAL4
MD neurons CH neurons bristles
effector (vmd51vpda)a (lch51v9ch)a in wingsb
none 5.8 6 0.4 5.9 6 0.3 0
UAS-amos2 11.2 6 3.6 7.1 6 1.3 226 6 47
UAS-amos5 8.6 6 1.8 7.1 6 1.4 229 6 32
UAS-sc2 7.0 6 1.1 6.1 6 0.2 267 6 34
UAS-sc3 6.4 6 0.6 6.0 6 0.2 295 6 57
UAS-ato4 7.4 6 1.2 7.8 6 1.0 138 6 34
UAS-ato8 6.3 6 0.7 7.7 6 1.3 100 6 36
a 32 hemisegments from eight embryos were scored for each effector strain.
b At least 10 wings were counted for each effector strain. All lines were heat treated for 10 minutes except for the UAS-sc lines, which were
treated for 5 min (see the Experimental Procedures).
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applied the RNAi technique to determine amos's func- both ASC and ato. In ASC mutants, one or two dmd
neurons exist in the dorsal region (Figure 3G; Table 1).tion during PNS development. The phenotypes ob-
served in amos dsRNA-interfered embryos support that It is likely that one of these neurons is controlled by
amos and the other is controlled jointly by amos andamos is a proneural gene for the formation of dbp and
some dmd neurons. These phenotypes are specific to ASC. A promiscuous fate determination is also found
for CH neurons. In ato mutants, one or two CH neuronsamos dsRNA, since injection of the highly homologous
ato dsRNA generated defects only in CH neurons. The in the lch5 groups are frequently observed in abdominal
segments (Jarman et al., 1995). On the other hand, inphenotypes in amos mutants complement the pheno-
types in ASC;ato mutants, suggesting that amos is the ASC mutants, one CH neuron of lch5 is often missing
(Figure 3D; Table 1). When the ASC and ato were re-last proneural gene identified for Drosophila embryonic
PNS. Further evidence to support that amos is a moved simultaneously, no lch5 neurons were observed
(Figure 3G), suggesting that one of the lch5 neurons isproneural gene comes from the induction of ectopic
neurons by amos and its interaction with da, the abilities determined by both ASC and ato.
previously known for other proneural genes.
Jarman and colleagues also isolated amos and found Determination of the Identities
that it is expressed in three stripes of cells in developing of Sensory Neurons
larval antennal discs (Goulding et al., 2000 [this issue Proneural genes confer ectodermal cells with the poten-
of Neuron]). Many SOP cells arise from this amos ex- tial to adopt their neural fate, that is, to become SOP
pression region and are precursors for the adult olfac- cells. However, proneural genes also endow SOP cells
tory sense organs. Their genetic data suggest that amos with the information of neuronal types. The activities of
is a proneural gene required for the development of two selector genes, acting downstream of proneural genes,
subtypes of olfactory sensilla, whereas ato is required are responsible for executing the decision of neuronal
for the third subtype (Gupta and Rodrigues, 1997). types. For example, the selector gene cut determines
The interaction between Numb and Amos may not the identity of ES organs (Bodmer et al., 1987; Bloch-
be physiologically significant and awaits further study. linger et al., 1990). In cut mutants, ES organs are trans-
However, how Numb functions, in addition to inhibiting formed into CH organs, and in embryos that misexpress
Notch signaling, is largely unknown. There exist at least cut, opposite transformation is observed. Consistently,
four different human Numb isoforms that function in cut is positively regulated by proneural genes of ASC
two distinct developmental processes. Two of them are (Vervoort et al., 1995) and negatively regulated by ato
involved in proliferation, and the other two are involved (Jarman and Ahmed, 1998). Therefore, one function of
in differentiation in the neuronal lineage (Verdi et al., the proneural gene is to properly control the expression
1999). When associated with the oncoprotein Mdm2, of correct selector genes for executing a specific devel-
the Numb protein became unstable and translocated opmental program.
into the nucleus (Juven-Gershon et al., 1998). In the While MD neurons are generated from various origins
flies, an in vitro and a genetic interaction between Numb (Brewster and Bodmer, 1995), the MD identity might be
and Hairless were identified (Wang et al., 1997). Hair- conferred through the function of a common MD selec-
less antagonizes the function of Su(H) (Schweisguth and tor gene, in a manner analogous to the function of cut
Posakony, 1994), and both proteins are required for in the ES organ lineage. This selector gene has to be
hair/socket cell fate decision that is controlled by expressed during the birth of MD neurons, regardless
Numb (Wang et al., 1997). All this evidence suggests of their origins. The enhancer trap line E7-2-36, which
that Numb interacts with proteins, including nuclear pro- expresses lacZ in all MD neurons, may have the reporter
teins, to execute functions other than directing binding gene inserted in a locus that encodes the postulated
to Notch. common factor. This lacZ insertion is activated in ec-
topic neurons induced by amos but not in those neurons
induced by ato and sc, suggesting that amos may havePromiscuous Fate Determination of a Subset
a direct effect on the expression of the MD commonof Sensory Neurons
factor.ASC, ato, and amos can account for the development
of all sensory neurons of the Drosophila embryonic PNS.
Although ES and CH organs are specified by ASC and Intrinsic Difference of Proneural Genes
Each member of the ASC, when misexpressed, exclu-ato, respectively, MD neurons are differently determined
according to their origins (Dambly-Chaudiere and Ghy- sively produces ES organs, while ato generates both
CH and ES organs (Rodriguez et al., 1990; Brand et al.,sen, 1987; Jarman et al., 1993b; Brewster and Bodmer,
1995). The ES and CH organ-associated MD neurons 1993; Jarman et al., 1993b; Hinz et al., 1994; Chien et
al., 1996). Experiments that involve swapping the variousare determined by ASC and ato, respectively. The dbp
and some dmd neurons of the solo-MD type are deter- domains of Ato and Sc suggest that the ability for CH
organ formation resides in the basic domain of the Atomined by the proneural gene amos (this study). Some
other dmd and vmd neurons, which are also solo-MD bHLH protein (Chien et al., 1996). The basic domain of
Amos is identical to that of Ato except for a conservedtype, are eliminated in ASC mutants, suggesting that
members of ASC are the proneural genes responsible change of Lys to Arg (Figure 1B) at the boundary of the
basic domain. This conservation explains how amosfor the formation of these solo-MD neurons. However,
one vmd neuron is present in both ASC and ato mutants replaces ato in CH organ formation (Figure 4G). How-
ever, when misexpressed, only amos promotes a signifi-but is absent in ASC;ato double mutants (Jarman et al.,
1993b), indicating that this vmd neuron is specified by cant number of MD neurons (Table 3), implying that the
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MgCl2, mM DTT, 20 mg/ml ssDNA, and 0.05 mg poly d[I-C]. After 15almost identical DNA-binding domains of Amos and Ato
min at room temperature, 2±7 3 105 cpm of oligonucleotide probes,are not sufficient to account for MD neuron formation.
with or without cold wild-type or mutant competitor (z100 ng), wereDuring the formation of adult olfactory sense organs,
added for a short period of incubation before the protein-DNA com-
misexpression of ato promotes only coeloconic sensilla, plex was loaded onto 4% polyacrylamide gel.
and misexpression of amos promotes all three types of
olfactory sensilla (Goulding et al., 2000). Taken together, Heat Shock Treatment
these data suggest that regions residing outside the The pupa containing one copy of hs-GAL4 and one copy of UAS-
DNA-binding domain of amos contribute to the forma- amos, UAS-ato, or UAS-sc were collected at 0±4 hr after puparium
formation and then treated by a heat pulse at 398C for 10 min. Thetion of MD neurons and olfactory sensilla other than
hs-GAL4;UAS-sc flies were all lethal; thus, they were treated for 5the coeloconic type. Identification of the regions for
min instead.neuronal subtype determination and how they interact
with neuronal selector genes will be interesting topics
Acknowledgmentsfor future study.
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